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ABSTRACT 

The experimental program was carried out to determine the effect of a 

biaxial (1: 1) stress state on the stress-corrosion resistance of  7075-T6 
aluminum and 347 stainless steel. Tubular specimens of these alloys were 

loaded in simple tension o r  were loaded in tension and pressurized to 

obtain the biaxial stress state. A total of 40 aluminum specimens, 20 
short transverse and 20 long transverse, were subjected t o  alternate- 

immersion tests in a 3-1/2 percent NaCl solution at room temperature. 

The short transverse specimens were tested at 65 and 32.5 percent of 
yield strength, and the long transverse specilnens at 80 and 65 percent 
of yield. Forty-two stainless-steel specimens were continuously immersed 

in a constant boiling (309 F) aqueous solution of MgCl 2' 
vestigated at 50 and 65 percent of their yield strength. 
loading compared with uniaxial loading is as follows in its effect on 

stress-corrosion life. The short transverse 7075-T6 specimens tended 
to survive somewhat longer under biaxial loading; however, there was no 

discernible effect in the case of long transverse specimens. A tendency 

was observed for the lifetime of 347 stainless steel specimens to be 
shortened under the application of biaxial stress. A number of the stainless- 

steel tests were invalidated because the epoxy coating on t he  stressing 

frames was permeable t o  the MgCl 

These were in- 

Balanced biaxial 

solution. 2 
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INTRODUCT I ON 

S t r e s s  c o r r o s i o n  of tankage and capsu le s  can be a c a t a s t r o p h i c  f a i l u r e  

mode i n  space v e h i c l e s .  New i n s i g h t s  i n t o  t e x t u r e  s t r e n g t h e n i n g  have 

shown advantages i n  having a tank  w a l l ,  f o r  example, i n  balanced b i a x i a l  

t e n s i o n .  An important  t e c h n i c a l  q u e s t i o n ,  t h e n ,  i s  whether a s t a t e  of 

balanced b i a x i a l  t e n s i o n  w i l l  a d v e r s e l y  a f f e c t  t h e  s t r e s s - c o r r o s i o n  be- 

hav io r  of space v e h i c l e  materials. 

The term s t r e s s  co r ros ion  i s  a g e n e r i c  name f o r  de layed  failure caused by 

t h e  combination of chemical and s t r e s s  environments  i n  which t h e  m a t e r i a l  

o p e r a t e s .  S ince  vast ly  d i f f e r e n t  mechanisms can be o p e r a t i v e  i n  es tab-  

l i s h i n g  t h e  environment-sensi t ive mechanical  p r o p e r t i e s , i t  w a s  f e l t  t h a t  

s t u d i e s  on t h e  i n t e r a c t i o n  between a balanced b i a x i a l  s t r e s s  f i e l d  and 

s t r e s s  c o r r o s i o n  should be performed w i t h  a minimum of v a r i a b l e s .  The 

u s e  of a p r e s s u r i z e d  c y l i n d e r  appeared t o  be t h e  optimum method f o r  dup l i -  

c a t i n g  tank  and capsule  b i a x i a l  s t r e s s e s .  It w a s  dec ided  t o  perform a t  

l eas t  one of t h e  experiments  on an  al loy/environment  system f o r  which t h e  

mechanism w a s  f a i r l y  w e l l  understood.  

Before p r e s s u r i z e d  t e s t i n g  i s  c a r r i e d  out  i n  environments  p r e s e n t i n g  ex- 

pe r imen ta l  d i f f i c u l t i e s ,  such as n i t r o g e n  t e t r o x i d e  o r  molten s a l t s ,  t h e  

e f f e c t s  of b i a x i a l  s t r e s s e s  should be s t u d i e d  i n  s imple ,  economical a l loy/  

environment systems.  

s t e e l / b o i l i n g  MgC12 s o l u t i o n  were s e l e c t e d  as t h e  al loy/environment  systems 

f o r  s t u d y .  

The re fo re ,  7075+l?6/salt s o l u t i o n  and 347 s t a i n l e s s  

To underetand t h e  i n t e r a c t i o n  between t.he v a r i o u s  s t r e s s - c o r r o s i o n  pro- 

c e s s e s  and b i a x i a l  stress f i e l d s ,  bo th  d a t a  and knowledgc of t h e  mechanisms 

involved  a r e  r e q u i r e d .  

R-7102 1 
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Rocketdyne has  been engaged f o r  tlie past s e v e r a l  y e a r s  i n  an  i n t e n s i v e  

s tudy  of t h e  mechanism of s t r e s s - c o r r o s i o n  c rack ing  i n  t h e  p r e c i p i t a t i o n -  

hardenable  a l u m i n u m  a l loys (Ref  . 1 through 5 ) .  Although p a r t i c u l a r  

emphasis has  been p laced  on t h e  7075 a l l o y ,  r e s u l t s  i n d i c a t e  t h a t  a g e n e r a l  

mechanism may hold f o r  t h i s  e n t i r e  c l a s s  of a l l o y s .  The e s s e n t i a l  in- 

g r e d i e n t s  seem t o  be pinned d i s l o c a t i o n s  and ne ighbor ing  g r a i n  boundary 

p i t s .  The d i s l o c a t i o n s  a r i s e  from t h e  d i f f e r e n t i a l  thermal  c o n t r a c t i o n  

of p r e c i p i t a t e  p a r t i c l e s  and t h e  aluminum m a t r i x  o r  from o t h e r  s t r e s s e s  

around the p a r t i c l e s ,  wh i l e  t h e  p i t s  o r i g i n a t e  from t h e  anodic  d i s s o l u t i o n  

of t h e  p a r t i c l e s  themselves  (as i n  7075) o r  of t h e  areas sur rounding  t h c  

p a r t i c l e s  (as i n  t h e  2000-ser ies  a l l o y s ) .  Because t h e  d i s l o c a t i o n s  are 

favored  n u c l e a t i n g  s i t e s  f o r  p r e c i p i t a t e s ,  t h e y  become immobilized du r ing  

t h e  ag ing  p rocess ,  and l o c a l i z e d  p l a s t i c  f l o w  becomes d i f f i c u l t .  P l a s t i c  

f low i s  necessa ry  i f  dangerous stress c o n c e n t r a t i o n s ,  i n h e r e n t  i n  t h e  

s t r e s s - c o r r o s i o n  p rocess ,  are t o  be avoided .  

Uniform b i a x i a l  s t r e s s e s  do n o t  r e s u l t  i n  z e r o  s h e a r  s t r e s s  f o r  t h ree -  

dimensional  m a t e r i a l s .  In  F i g .  l a ,  i t  can be seen  t h a t  t h e  s h e a r  stress 

would be e l imina ted  i n  t h e  xy  p lane  because 

Q - u  
X 

- - ’ = 0 .  However, Q = 0, s o  t h e  e q u a t i o n s  2 Z 
7 

max 

and 
u - 0  u 

- - Y -2 
2 - 2  r 

max 

s t i l l  apply.  The maximum s h e a r  s t r e s s  i s  n u m e r i c a l l y  equa l  t o  t h e  v a l u e  

it would have i n  the  uniax ia l  c a s e .  The maximum s h e a r  stress s t i l l  

o p e r a t e s  on planee of t h e  t y p e s  aehd ( o r  c g f b )  and gdbe ( o r  a c h f ) ,  F i g . l b ,  

2 R-7102 
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Figure 1. Shear Planes Under Equa l  Biaxial  Stresses 
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but  n o t  on t h e  p lane  abhg ( o r  c d f e ) ,  Fig. IC. 

s h e a r  p l anes  i s  reduced by one - th i rd ,  b u t  t h e  m a x i m u m  s h e a r  s t r e s s ,  which 

i s  t h e  parameter  de te rmining  whether  d i s l o c a t i o n s  w i l l  move, i s  n o t  changed. 

Because t h e  m o b i l i t y  of t h e  d i s l o c a t i o n s  appea r s  t o  be a c r i t i c a l  f a c t o r  

i n  t h e  s t r e s s - c o r r o s i o n  mechanism f o r  7075-T6, specimens s t r e s s e d  u n i a x i a l l y  

and b i a x i a l l y  should behave s i m i l a r l y  i n  s t r e s s - c o r r o s i o n  tes ts .  On t h e  

o t h e r  hand, geometr ic  c o n s i d e r a t i o n s  p e r t a i n i n g  t o  t h e  o r i e n t a t i o n  of t h e  

specimen a x i s  with r e s p e c t  t o  t h e  nonopera t ive  s h e a r  p lane  may r e s u l t  i n  

d i f f e r e n c e s .  

Thus, t h e  number of o p e r a t i v e  

The t e s t , s  a l s o  inc lude  347 s t a i n l e s s  s t e e l .  S ince  t h e  s t r e s s - c o r r o s i o n  

mechanism i n  t h i s  material i s  l e s s  w e l l  unders tood ,  t h e  behavior  i n  a 

b i a x i a l  s t , r e s s  f i e l d  w a s  l e s s  p r e d i c t a b l e .  
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EXPEBIMENTAL PROCEDURE 

A t u b u l a r  specimen having t h e  des ign  shown i n  F i g .  2 

u n i a x i a l  and b i a x i a l  tcst,s. 

through a combinat ion of a x i a l  l oad ing  and p r e s s u r i z a t i o n  of t h e  t u b e s .  

w a s  s e l e c t e d  f o r  

Balanced b i a x i a l  t e n s i o n  (1: 1) was obta ined  

1,000R TYP 

0*015 WALL 1 
D I AMETER 

3 . 6 2 5  -4 
( 3.34 3 )  A 

*Dimensions of s t a i n l e s s - s t e e l  specimen a r e  t h e  same u n l e s s  
o the rwise  no ted  i n  pa ren theses  

F igure  2 .  7075-T6 Aluminum St ress -Corros ion  Specimen 

A t  t h e  o u t s e t ,  a cross- tyye specimen w a s  cons idered  u n s a t i s f a c t o r y ,  be- 

cause  t h e  s ta te  of  s t r e s s  i s  n o t  s imple b i a x i a l  a t  t h e  i n t e r s e c t i o n  of 

t h e  arms. 

w i t h  u n i a x i a l  stresses t o o  d i f f i c u l t ,  because t e x t u r e  c o n s i d e r a t i o n s  

would r e q u i r e  t h a t  a very l a r g e  number of d i f f e r e n t l y  o r i e n t e d  u n i a x i a l  

specimens be t e s t e d .  

t h e  s t a t e  of s t r e s s  i s  uniform and t h e  same o r i e n t a t i o n  i s  s t r e s s e d .  

The use of bu lge  p l a t e s  o r  p r e s s u r i z e d  spheres  makes comparison 

With p r e s s u r i z e d  and unpres su r i zed  t u b e s ,  however, 

R-7102 5 
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The 7075-T6 specimens were machined from a hand forging, 3-7/8 by 4 by 
8 inches. Twenty-two specimens were taken from the short transverse 
direction and 18 from the long transverse direction. 

results on aluminum alloys are known to be orientation-dependent.) 

total of 42 stainless steel specimens were machined from 3/8-inch OD 

tubing having a 0.015-inch wall thickness. 

(Stress-corrosion 
A 

Four aluminum specimens (specimens 19, 20, 21, and 2 2 ) ,  with twice the 
wall thickness of  the specimen shown in Fig. 2, were also tested to de- 

termine the effect of this parameter on stress-corrosion time-to-failure. 
Cross sections of the thin (0.008-inch) and thick (0.016-inch) walled 

tubes were polished and etched and photomicrographs taken. 
metallography was performed on a stainless-steel specimen. 

micrographs are shown in Fig. 3. Unlike the aluminum, the stainless 

steel does not show a strongly oriented grain structure. 

Similar 

The photo- 

The axial load was applied to the specimen in a U-type, stress-corrosion 

testing frame. A typical frame is shown in Fig. 4 .  Frames for the 

aluminum specimens were machined from 6061-TG aluminum, and those for t he  

347 stainless steel specimens were machined from 321 stainless steel. 
The two spherically seated screws (bottom of testing frame in Fig. 

were tightened successively in increments of -0.0003 inch, o r  less, until 

a strain corresponding to the desired stress level was reached. Elastic 

moduli of 10.4 x 10 psi were used for 7075-T6 and 347 stain- 
less steel, respectively. The strain was measured by a 1-inch gage length 

extensometer and read on the strain recorder o f  a tensile testing machine. 
Despite the care exercised in applying the axial load, the introduction 

of a bending moment in the tubular specimens was inevitable, as indicated 
by measurements with paired atrain gages positioned longitudinally on 
opposite sides of a stainless-steel specimen. 

4 ) 

6 6 and 28 x 10 

6 R-7102 
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F i g u r e  3a. Photomicrograph Showing C r o s s  
S e c t i o n  of Thin-Walled 707T-TG 
S t  r e  ss-Corr  o s  i o n  Specimen ( 2 0 0 ~ )  

R-7 102 
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F i g u r e  3b.  Photomicrograph Showing C r o s s  
S e c t i o n  of Thiclr-l\iallcd 7075-TG 
S t  r c  s s - C o r r  o s  i on spec imcn ( 2 0 0 ~ )  

R-7 102 
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Figure  3 c .  Photomicrograph Showing Wall 
Cross  S e c t i o n  o f  347 S t a i n l c s s -  
S t e e l  S t ress -Corros ion  Specimen 
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Yie ld  S t r e n g t h  
( 0 . 2  Pe rcen t  

Of f se t )  
p s i  

63,800 

62,400 

T e s t s  on t h e  s t a i n l e s s - s t e e l  specimens were conducted a t  50 and 65 pe rcen t  

OP t h e  average t e n s i l e  y i e l d  s t r e n g t h ,  as determined i n  two t e n s i l e  t e s t s  

on as - rece ived  t u b u l a r  s t o c k .  

was conducted a t  46 p e r c e n t  of y i e l d ,  a s t r e s s  which gave t h e  same s t r a i n  

a s  d i d  t h e  65 percent-of-yield s t r e s s  i n  a b i a x i a l  spec imen. )  

t r a n s v e r s e  aluminum a l l o y  specimens were t e s t e d  a t  32.5 and 65 percent  

of y i e l d ,  and t h e  long t r a n s v e r s e  specimens a t  65 and 80 p e r c e n t  of y i e l d .  

T e n s i l e  p r o p e r t i e s  were measured on two s h o r t  t r a n s v e r s e  t u b u l a r  specimens 

wi thou t  reduced s e c t i o n .  A summary of t h e  t e n s i l e  p r o p e r t i e s  of  t h e  two 

m a t e r i a l s  i s  p resen ted  below: 

(The t e s t  on specimen 32 i n  Table  2 ,  page 26, 

The s h o r t  

- 

Pe r c e n t  
T e n s i l e  E l  ongat i on 
S t r e n g t h ,  (1-Inch Gage 

p s i  Length) 

95 , 200 45 .0  

94,200 1 43.0 

r 
347 S t a i n l e s s  S t e e l  

7075-TG 

2 

3 
4 

58,500 62,700 

54,400 1 63,000 

1 . 5  
4 . 0  

The b i a x i a l  specimens,  which were f i l l e d  wi th  a diffusion-pump o i l  

(Convoil 120) b e f o r e  be ing  loaded a x i a l l y ,  were p r e s s u r i z e d  wit,h he l ium.  

The p r e s s u r e ,  P,  w a s  i nc reased  u n t i l  t h e  hoop s t r e s s ,  Q i n  t h e  reduced 

sec%ion w a s  equal  t o  t h e  a x i a l  s t r e s s  (F ig .  5 ) .  
tween P and Q i s  g iven  by  h 

h’  
Thc r e l a t i o n s h i p  be- 

where t i s  t h e  reduced w a l l  t h i c k n e s s  and r i s  t h e  r a d i u s  ex tending  t o  t h e  

mid-point  of t h e  reduced w a l l .  The l o n g i t u d i n a l  s t r e s s ,  which i s  one- 

h a l f  t h e  hoop s t r e s s ,  accounts  f o r  one-half t h e  o v e r a l l  axial s t ress ,  t h e  
1’ 
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L O N G I T U D I N A L  
STRESS, C , ,  
DUE TO 
P R E S S U R I Z A T I O N  

HOOP STRESS,  

D E S I R E D  A X I A L  
(LONG I TUD I N A L )  STRESS 

L O N G I T U D I N A L  
STRESS IMPOSED 
BY FRAME 

p -  

Figure 5 .  P l o t  of  Stress and S t r a i n  ( W ,  €) vs Pressure (P)  
Developed i n  B i a x i a l l y  Loaded Stress- 
Corrosion Spec imens 

12 11-7102 
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o t h e r  ha l f  of t h e  a x i a l  s t ress  be ing  imposed by t h e  s t r e s s i n g  frame.  Half 

of t h e  o r i g i n a l  s t r e s s  imposed by t h e  frame i s  re l axed  du r ing  t h e  p re s su r -  

i z a t i o n ,  a s  i n d i c a t e d  i n  F i g .  5 .  S t r a i n  gage measurements i n d i c a t e d  t h a t  

P o i s s o n ' s  e f f e c t  could be neglec ted  i n  c a l c u l a t i n g  t h e  p r e s s u r e ,  These 

measurements confirmed t h a t  t h e  s t r e s s  was balanced b i a x i a l .  

A sample c a l c u l a t i o n  i s  shown below. In  this example, t h e  p re s su re  i s  

c a l c u l a t e d  which i s  requi red  t o  produce a hoop s t r e s s ,  €7,1, equal  t o  65 
pe rcen t  of t h e  measured y i e l d  s t r e s s  (56,500 ps i )  of 7075-T6 aluminum: 

t p = c J  - 
h r  

= 0 .65  (56,500 l b / i n . 2 )  (0.008 inch/0.177 inch )  

2 
= 1650 l b / i n .  

The fo l lowing  t a b l e  g i v e s  the  p r e s s u r e  and s t r a i n s  c a l c u l a t e d  f o r  t h e  

va r ious  s-kress l e v e l s .  

~ 

347 S t a i n l e s s  S t e e l ,  percent  TYS* 

65 
50 

46 

7075-T6 Aluminum (0.008-inch 
w a l l ) ,  pe rcen t  TYS* 

80 

65 
32.5 

~~ ~ ~ ~ ~~~ - 

"Tensi le  y i e l d  s t r e n g t h  

S t r a i n ,  
i n .  /in. 

0.00147 

0.00113 

0.00104 

0.00434 

0.00351 

0.00176 

P r e s s u r e ,  
p s i  

1850 

1425 

1310 

2040 

1650 

825 
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Standard  AN f i t t i n g s  were used on t h e  f l a r e d  ends of t h e  s t a i n l e s s - s t e e l  

spec inens  ( P i g .  6 ) ,  Since t h e  ends of t h e  aluminum specimens could n o t  

be f l a r e d  wi thout  consequent c r a c k i n g ,  r ecour se  was made t o  "Swagelok" 

f i t t i n g s ,  which do n o t  r e q u i r e  f l a r i n g  (F ig .  7 ) .  
b r a s s  v a l v e s  were used on a l l  of t h e  b i a x i a l  specimens except  t h o s e  s p e c i a l l y  

noted  i n  Table 1 .  Commercial c o a t i n g s ,  Turco Maslrant 5145, and an epoxy, 

PT-401*, were app l i ed  t o  t h e  aluminum and s t a i n l e s s - s t e e l  f r ames ,  r e s p e c t i v e l y ,  

t o  p reven t  g a l v a n i c  e f f e c t s  between t h e  frames and specimens.  

po in t ed  out  i n  the Di scuss ion  of  R e s u l t s  s e c t i o n ,  t h e  PT-401 w a s  unsuccess fu l  

i n  t h i s  r e s p e c t .  

For r easons  of economy, 

A s  w i l l  be 

The a b i l i t y  of the b i a x i a l  aluminum and s t a i n l e s s - s t e e l  t e s t  s e t u p s  t o  

ma in ta in  p r e s s u r e  d u r i n g  a t e s t  was i n v e s t i g a t e d .  

and mechanical-gage (specimen 15) checks on aluminum and checks performed 

w i t h  mechanical gages on s t a i n l e s s  s t e e l  (specimen 21) i n s p i r e d  s u f f  i c i e n t  

conf idence  t o  obviate  a check of eve ry  b i a x i a l  t e s t .  

S t ra in-gage  (specimen 19) 

Aluminum specimens were s u b j e c t e d  t o  a l t e r n a t e  immersion t e s t s .  I n  t h i s  

tzst, t h e  specimen i s  a u t o m a t i c a l l y  immersed f o r  10  minutes  i n  a 3-1/2 

p e r c e n t  N a C l  s o l u t i o n  and then d r i e d  i n  t h e  a i r  f o r  50 minu tes .  

immersion rack and N a C l  t ank  a r e  shown i n  F i g .  8. 

A t y p i c a l  

The s t a i n l e s s - s t e e l  specimens were c o n t i n u o u s l y  immersed i n  a c o n s t a n t  

b o i l i n g  (309 F) 42-percent aqueous MgC12 s o l u t i o n .  

exposed t o  a f r e s h  s o l u t i o n  of MgC12 con ta ined  i n  a modi f ied  Erlenmeyer 

f l a s h  w i t h  co ld  f i n g e r .  

t h e  ho t  p l a t e  which was used, a l though  u s u a l l y  s i x  t e s t s  or l e s s  were 

conducted a t  one t ime ( F i g .  9 ) .  
w i t h  passages  f o r  thermometers and t u b i n g .  

Each specimen w a s  

A s  many as 1 2  f l a s k s  cou ld  be accommodated on 

Seve ra l  c o l d  f i n g e r s  were f a b r i c a t e d  

*Supplied by Turco P roduc t s ,  I n c . ,  and P roduc t  Techniques,  I n c . ,  Los 
Angeles ,  C a l i f o r n i a ,  r e s p e c t i v e l y .  
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HIGH 
PRESSURE 

LTUBE FLANGE SEAL 

TUBULAR SPECIMEN 

NOTE: NOT TO SCALE 

Figure 6. End of 347 Stainless-Steel Stress-Corrosion Specimen Showing 
High-pressure Fittings 
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a. Swageloli Cap €or Capping End of 7075-T6 
Tub e 

b. Swagelok to AN Union 

Figure 7. Swagelok Fittings Used on Biaxial 7075-T6 
Aluminum Stress-Corrosion Specimen 

16 R-7102 
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Figure 8. Alternate-Immersion-Test Setup f o r  7075-TG Specimens 

R-7102 17 
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The s t r e s s - c o r r o s i o n  t e s t s  were t e rmina ted  e i t h e r  when t h e  f i r s t  c r ack  

was observed o r  when, i n  t h e  case  of t h e  p r e s s u r i z e d  specimens,  t h e  f i r s t  

o i l  l e a k  w a s  n o t i c e d .  To f a c i l i t a t e  c rack  o r  l e a k  d e t e c t i o n ,  a red  dye 

was added t o  t h e  p r e s s u r i z i n g  o i l  i n s i d e  t h e  specimens i n d i c a t e d  i n  

Tables  2 and 3. The dye w a s  i n e f f e c t i v e  a f t e r  t imes  g r e a t e r  t han  - 2 days 

a t  709 F. 

The d e t a i l e d  procedures  used t o  p repa re  specimens f o r  t e s t i n g  a r e  out-  

l i n e d  i n  Table  1. 

R-7102 19 
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RESULTS 

The r e s u l t s  of 42 t e s t s  on 347 s t a i n l e s s  s t e e l  and 40 t e s t s  on 7075-T6 

aluminum a r e  con ta ined  i n  Tables 2 and 3 .  
t h e  las t  column of t h e  t a b l e  a r e  r e p o r t e d  i n  hours  and minutes u n l e s s  

o therwise  no ted .  

tween t h e  nex t - to - l a s t  and the f i n a l  o b s e r v a t i o n s .  In  c e r t a i n  c a s e s  of 

v e r y  low t where on ly  one obse rva t ion  w a s  made, o r  where the  i n i t i a l  

craclr i s  b e l i e v e d  t o  have escaped prompt d e t e c t i o n ,  t h e  time i s  preceded 

by t h e  symbol < ( " l e s s  t h a n " ) .  The specimens were unattended du r ing  t h e  

n i g h t ,  which accounts  f o r  the l a r g e s t  u n c e r t a i n t y .  

The t imes - to - f a i lu re  (t,) i n  

U n c e r t a i n t i e s  i n  tf a r e  a c t u a l l y  t h e  e l apsed  t imes be- 

f 

347 STAINLESS STEEL 

The u n i a x i a l  specimens s t r e s s e d  a t  65 p e r c e n t  of y i e l d  f a i l e d  i n  l e s s  

than 1 day, most of t h e  f a i l u r e  t imes va ry ing  between 3 and 15 hour s .  

Rather  l a r g e  s t r e s s - c o r r o s i o n  c r a c k s  were d e t e c t e d  i n  the  threaded  c ross -  

b a r s  of frames 3 and 5 ,  and b a r e l y  d e t e c t a b l e  c racks  were found i n  t h r e c  

more c ross -bars  a f t e r  t h e  frames had been d ismant led  and t h e i r  i d e n t i f i -  

c a t i o n  l o s t .  

have been s t r e s s e d  a t  somewhat l e s s  t h a n  65 p e r c e n t  of y i e l d .  

c ros s -ba r s  were r ep laced  by t h i c k e r  p i e c e s ,  and as a f u r t h e r  p r e c a u t i o n ,  

t h e  f r e s h l y  a p p l i e d  c o a t s  of epoxy were degassed i n  vacuo s o  t h a t  h o l e s  

and c r e v i c e s  would be f i l l e d  more e f f i c i e n t l y  and seepage of  t h e  s o l u t i o n  

under t h e  c o a t i n g  p reven ted .  

upon encounterd .  

Thus, t h r e e  u n i a x i a l  specimens (no t  i nc lud ing  7 and 5 )  might 

The cracked  

No f u r t h e r  c r a c k i n g  of the  frames was the re -  

Specimens 7 and 15 cracked  o u t s i d e  t h e  gage s e c t i o n .  

The f i r s t  10  b i a x i a l  specimens t o  be t e s t e d  a t  65 percen t  of y i e l d  (10 

through 13, 16 through 21)  were f i t t e d  w i t h  b r a s s  v a l v e s .  T e s t s  on t h r e e  

R-7102 23 
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of t h e s e  specimens (11 through 13) were t e rmina ted  a f t e r  7 days w i t h  no 

f a i l u r e ,  and on a f o u r t h  specimen (19) a f t e r  28 days wi thou t  f a i l u r e .  

Two a d d i t i o n a l  t e s t s  (16 and 18) were concluded a f t e r  19 and 27 days ,  

r e s p e c t i v e l y ,  when t h e  f i t t i n g s  s t a r t , e d  t o  l e a k .  

f a i l e d  on t h e  e i g h t e e n t h  day.  

i n  which s t r a i n  gages were a f f i x e d  e i t h e r  t o  t h e  specimen (10) o r  t o  t h e  

frame ( 2 0 ) ,  o r  i n  which extra hardware (mechanical p r e s s u r e  gage ,  e t , c . )  

w a s  connected t o  t h e  specimen (21) ,  r e s u l t e d  i n  r a p i d  (4 hours  o r  l e s s )  

f a i l u r e s .  

A seven th  specimen (17) 
The remaining t h r e e  t e s t s  (10, 20,  and 2 1 ) ,  

Specimens 33 and 35, which had s t a i n l e s s - s t e e l  v a l v e s  w i t h  n o n s t a i n l e s s -  

s t e e l  hand les ,  a l s o  showed s i g n s  of s u r v i v i n g  t,he MgC12 s o l u t i o n  f o r  

many days when t h e  tes ts  were t e rmina ted  on t h e  f i f t h  day .  When t h e  

n o n s t a i n l e s s - s t e e l  handle  was removed from t h e  v a l v e ,  as i n  tes ts  36 
through 38, t h e  specimens f a i l e d  i n  1 hour o r  l ess .  

S i m i l a r  r e s u l t s  were obta ined  w i t h  specimens a t  t h e  50 percent-of-yield-  

stress l e v e l .  Those u n i a x i a l  specimens having a l l - s t a i n l e s s  s t e e l  con- 

s t r u c t i o n s  f a i l e d  i n  about  9 hours  o r  l e s s ;  t h e  l o n e  excep t ion  w a s  

specimen 25. 
l a t e  t h e  o r i g i n a l  b i a x i a l  t e s t  s e t u p ,  d i d  n o t  f a i l  i n  33 days of t e s t i n g .  

This  specimen was t e s t e d  at 46 p e r c e n t  of y i e l d  i n s t e a d  o f  50 p e r c e n t , s o  

i t  would be s t r a i n e d  the  same m o u n t  as a b i a x i a l  specimen s t r e s s e d  a t  

65 p e r c e n t  of y i e l d .  

Specimen 32, which w a s  f i t t e d  w i t h  a b r a s s  valve t o  s i m u -  

The b i a x i a l  specimens s t r e s s e d  a t  50 p e r c e n t  of y i e l d  f a i l e d  i n  3 hour s  

o r  less  (specimens 41  and 42) o r  d i d  n o t  f a i l  i n  33 days  (specimen 31>8 

depending on whether t h e  s e t u p  was a l l - s t a i n l e s s  s t e e l  o r  whether  i t  con- 

t a i n e d  a b r a s s  va lve ,  r e s p e c t i v e l y .  

R-7102 



ROCYETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C .  

Five of the 42 stainless-steel specimens broke into two parts. These 

included two uniaxial and two biaxial specimens stressed at 65 percent of 
yield and one uniaxial specimen stressed at 50 percent of yield. Multiple 

cracks, none completely traversing the specimen, formed in the remaining 

37 specimens. 

7075-T6 ALUMINUM 

Short Transverse Orientation 

The uniaxial 7075-T6 aluminum alloy specimens tested at the higher (65 
percent of yield) stress level all failed in about 15 hours, whereas 
biaxial specimens under the same stress tended t o  last slightly longer 

(from 15 to 51 hours). The same tendency was observed with the thin 
(0.008-inch) walled specimens stressed at 32.5 percent of yield; the 
uniaxial specimens had a t between 13 and 25 hours, while the biaxial f 
specimens survived between 38 and 63 hours of testing. 
(0.016-inch) walled specimens tested at the lower stress level gave 
erratic results. One of the uniaxial specimens failed in 135 hours while 
the other did not fail in 18 days, and the biaxial specimens failed in 

107 and 544 hours, respectively. 

Four thick 

Long Transverse Orientation 

Uniaxial and biaxial aluminum alloy specimens tended to fail in about 

the same time, at both stress levels. The times-to-failure at the higher 

stress level (the state of stress being held constant) were generally 

shorter than times at the lower stress level, although there was some 

overlap in the case of the biaxial specimens. The long transverse 
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specimens tended t o  have longe r  l i f e t i m e s  than  t h e  s h o r t  t r a n s v e r s e  

specimens a t  65 p e r c e n t  of y i e l d ;  however, t h e r e  was some o v e r l a p  f o r  

t h e  b i a x i a l  specimens.  

I N C .  

Most of t h e  aluminum a l l o y  specimens (70 p e r c e n t  of t h e  s h o r t  t r a n s v e r s e  

and 80 p e r c e n t  of t h e  long t r a n s v e r s e )  t e s t e d  a t  t h e  h i g h e r  s t r e s s  l e v e l s  

broke i n t o  two p a r t s .  

specimens s t r e s s e d  a t  32.5 pe rcen t  of y i e l d  and i n  a l l  t h e  long  t r a n s v e r s e  

specimens s t r e s s e d  a t  65 p e r c e n t  of y i e l d  (F ig .  1 0 ) .  

Mul t ip l e  c rack ing  occurred  i n  a l l  t h e  s h o r t  t r a n s v e r s e  

R-7102 
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c 

Mu1 tiple Cracking Observed in Short Transverse 7075-T6 
Stress-Corrosion Specimen Biaxially Loaded to 65 Percent 
of Yield. (Cracks Revealed With Zyglo Penetrant ZGH) 
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DISCUSSION OF RESULTS 

347 STAINLESS STEEL 

In contrast to uniaxially stressed specimens, which tended to fail the 
boiling MgC12 test in 112 day o r  less, the biaxial specimens either 

failed early (4 hours o r  less) o r  did not fail after days of testing. 

Those specimens with all-stainless steel connections failed early as 

did the three specimens connected with strain gages o r  extra hardware 

(mechanical pressure gage, etc . ) .  In fact, stainless-steel valves were 

not used on biaxial specimens until it was suspected from the uniaxial 

test on specimen 32 that the epoxy coating was electrically conducting 
and that the brass valves, therefore, could be cathodically protecting 

the stainless-steel specimens. The test on specimen 32, which was fitted 

with a brass valve and other hardware comprising the original biaxial 

setup, lasted for 33 days without failure of the specimen. This test 
was unlike all of the other uniaxial tests, which resulted in rapid 
failure. Precision electrical resistance measurements confirmed that 

within minutes after initial exposure to the boiling MgCl 

the PT-401 epoxy coating was losing most of its resistance and that the 

loss was progressive with time. There was a discoloration of the solu- 
tion which indicated dissolution of the coating, but this occurred very 

gradually, and was barely noticeable during the first few days of testing 
when the uniaxial specimens generally failed and the biaxial specimens 

did not. Thus, there was no obvious reason to ascribe the significant 

difference in lifetime of uniaxial and biaxial specimens to galvanic 

effects that suddenly 

solution, 2 

arose from a nonprotective coating. 

The tests carried out subsequent to the electrical measurement,s provided 
additional evidence that the biaxially stressed specimens were not 
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i n h e r e n t l y  s u p e r i o r  t o  t h e  u n i a x i a l  specimens.  It w a s  p o s s i b l e  t o  run 

only  a l i m i t e d  number of t e s t s  d u r i n g  t h e  remainder  of t h e  program 

(specimens 36 through 42) ,  s o  a n  unequivocal  comparison of t h e  two s t r e s s  

s t a t e s  could no t  be drawn. 

through 42 was i d e n t i c a l .  

( b i a x i a l ,  65 percent  of y i e l d )  and 39 and 40 ( u n i a x i a l ,  65 p e r c e n t  of 

y i e l d )  could only be a t t r i b u t e d  t o  a d i f f e r e n c e  i n  stress s t a t e .  

any d i f f e r e n c e s  between 36 through 38 ( b i a x i a l ,  65 p e r c e n t  of y i e l d )  and 

41 and 42 ( b i a x i a l ,  50 p e r c e n t  of y i e l d )  had t o  be due t o  t h e  d i f f e r e n c e  

i n  s t r e s s  l e v e l .  As shown i n  F i g .  11, t h e  r e s u l t s  sugges t  t h a t  b i a x i a l  

l oad ing  reduces  t h e  t ime- to - f a i lu re .  The mean tf f o r  biaxial  specimens 

36 through 38 i s  47 minu tes ,  wh i l e  t h e  mean t f o r  u n i a x i a l  specimens 

39 and 40 i s  202 minutes .  

i n  t 
p o i n t  of s t a t i s t i ca l  s i g n i f i c a n c e , a d d i t i o n a l  t es t s  a r e  r e q u i r e d  t o  v e r i f y  

t h e s e  r e s u l t s .  

The a s s o c i a t e d  hardware f o r  specimens 36 

f Any d i f f e r e n c e s  i n  t between 36 through 38 

A l s o ,  

f 
The r e s u l t s  a l s o  sugges t  t h e  expec ted  d i f f e r e n c e  

f o r  specimens loaded  a t  50 and 65 p e r c e n t  of y i e l d .  From t h e  s tand-  f 

The ear ly  f a i l u r e s  of b i a x i a l  specimens 10, 20, and 21 (Table 2 ), which 

were monitored f o r  p r e s s u r e  changes w i t h  s t r a i n  gages o r  a mechanical  

gage,  can be expla ined  as f o l l o w s .  The b r a s s  v a l v e s  i n  t h e  t h r e e  s e t u p s  

could not, provide c a t h o d i c  p r o t e c t i o n .  

i c a l  gage,  t h e  va lve  was ou t  of t h e  s o l u t i o n ,  and t h u s  was n o t  p a r t  of 

a c losed  e l e c t r i c a l  c i r c u i t .  

appears  probable  t h a t  t h e  c o n s t a n t a n  (55Cu-45Ni) gage was i n t e r f e r i n g  

i n  some unknown way w i t h  t h e  anode-cathode r e l a t i o n s h i p  between v a l v e  

and specimen. 

w i t h  an epoxy. 

b o i l i n g  

conduct ing .  

I n  t h e  s e t u p  i n c l u d i n g  t h e  mechan- 

I n  t h e  s e t u p s  c o n t a i n i n g  s t r a i n  gages ,  i t  

These gages  were n o t  o n l y  coa ted  b u t  were a l s o  backed 

The v u l n e r a b i l i t y  of t h e  epoxy on s t r e s s i n g  frames t o  

s t r o n g l y  s u g g e s t s  t h a t  t h e  epoxy on t h e  gages  a l s o  became 
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I 7075-T6 ALLJJJNUM 

A slight tendency was evidenced for biaxial loading to prolong the stress- 

corrosion lifetime of short transverse 7075-T6 specimens. However, no 

difference was observed between uniaxial and biaxial specimens tested in 
the long transverse orientation. The difference in the short-transverse 

case is in the opposite direction to that suggested by the limited re- 

sults for 347 stainless steel. 
Rocketdyne for stress-corrosion cracking o f  aluminum (Ref. 5 ) predicts 
similar t in the presence of uniaxial or balanced biaxial stresses. 

The model that has been developed at 

f’s 

Results for the two different orientations were consistent, insofar as 

the effect of stress level on t was concerned. Lowering the stress level 
irom 65 t o  3 2 . 5  percent of yield in the case of the short transverse 
specimens, and from 80 to 65 percent of yield in the case of the long 
transverse specimens, resulted in a greater average t f ,  as expected. 

f 

The reason for the erratic results obtained with the thick (0.016-inch) 

walled specimens (19 through 2 2 )  is not clear. These specimens would be 

expected to have a longer lifetime than the thin-walled specimens, which 

in fact was observed. However, tf varied between 6 and >18 days for the 
uniaxial specimens and between 4 and 23 days for the biaxial specimens, 

making comparison with results for thin-walled specimens impossible. 

Effect, of Bending Moment 

A s  mentioned in the Experimental Procedures section, a bending moment 

was introduced in the specimens during axial loading. 
this moment undoubtedly varied from specimen to specimen and is probably 

the cause of most of the scatter in the data. 
change caused by the bending was not significantly affected by pres- 

surizing the tube for the biaxial tests. Thus, the bending should not 
have been the cause of any difference in behavior between the uniaxial 
and biaxial groups of specimens. 

The magnitude of 

The magnitude of the stress 
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CONCLUSIONS 

The following conclusions are drawn from this investigation: 

1. Balanced biaxial tension differs little from uniaxial tension 

in its effect on the stress-corrosion susceptibility of 7075-T6 
aluminum alloy. 

2. On the basis of limited data, balanced biaxial tension as opposed 

to uniaxial tension appears to increase the susceptibility of 

347 stainless steel to stress-corrosion cracking. 
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